Background Despite being recognized as the gold standard in isolated clubfoot treatment, the Ponseti casting method has yielded variable results. Few studies have directly compared common predictors of treatment failure between institutions with high versus low failure rates.
2%). There was no difference (p = 0.200) in the proportion of patients who underwent additional casting, repeat tendo Achilles lengthening, and/or anterior tibialis tendon transfer only (minor recurrence) at Institution 1 (nine of 131, 7%) compared with Institution 2 (11 of 91, 13%). At Institution 1, an increase in the number of revision casts (multiple vs no casts, hazard ratio [HR] = 3.9; 95% CI, 2.0-7.6; p \ 0.001) and an increase in the number of castrelated complications (multiple vs no complications, HR = 2.8; 95% CI, 1.2-6.7; p = 0.019) were associated with increased risk of major surgery in the multivariate analysis. Conclusions Rigid commitment to the Ponseti method in the conservative treatment of patients with isolated clubfoot was associated with a lower risk of subsequent unplanned surgical intervention. In addition, clubfoot treatment programs that use a care model that prioritizes continuity in care and dedication to the Ponseti method may decrease the proportion of patients who undergo unplanned surgical intervention. Level of Evidence Level III, therapeutic study.
Introduction
Talipes equinovarus, or ''isolated clubfoot,'' occurs in 0.56 per 1000 births [19] . If untreated, this compromised foot position can result in long-term pain and severe disability [3, 9] . Conservative treatment attempts to correct the deformity such that the foot is functional, pain-free, flexible, and able to fit in regular shoes [22, 23] . The Ponseti method has become the gold standard in isolated clubfoot care [7, 20, 25] . This approach consists of specific serial manipulations, casting and tenotomy of the Achilles tendon, followed by abduction bracing of the affected foot or feet until the child is 2 to 4 years old. Minor relapses are treated with additional casting, repeat Achilles tenotomies, and/or anterior tibialis tendon transfers. Major recurrences, often regarded as treatment failure, require more extensive soft tissue release surgeries [7] .
Conservative management of the clubfoot did not become accepted until the publication of Ponseti's treatise [23] and Internet popularization of the method. The Ponseti technique has been reported to yield successful rates without significant surgical events in upward of 95% of patients [21, 27] . Although proponents of the Ponseti technique have reported it is ''easy to learn'' [29] , costeffective [13] , and results in better long-term function compared with surgical intervention [1, 15, 16, 33] , Ponseti noted that strict adherence to his fundamental principles were essential for success [23] . Based on the comparison of a group of clubfeet treated with the Ponseti method to a historical control group treated with traditional conservative casting methods, Herzenberg et al. [15] reported that traditional conservative casting techniques were more likely to result in incomplete clubfoot correction. Despite the evidence, some centers have implemented variations of the Ponseti technique with less than optimal results, including the likelihood of converting to a surgical approach, ranging from 10% to 40% [5, 12, 14, 32] . Direct comparisons of treatment success between multiple pediatric institutions, to our knowledge, have not been done.
The purpose of this multisite, retrospective chart review was to compare the likelihood of unplanned major surgical interventions at two pediatric centers, an institution committed to the Ponseti method and an institution that did not rigidly adhere to the Ponseti method. We aimed to answer the primary questions: (1) Is the provider's rigid adherence to the Ponseti method associated with a lower likelihood of unplanned clubfoot surgery? (2) At the institution that did not adhere rigidly to Ponseti's principles, are any demographic or treatment-related factors associated with increased likelihood of unplanned clubfoot surgery?
Methods
A multisite, retrospective chart analysis was used to compare isolated clubfoot treatment patterns at two pediatric centers. After institutional review board approval, a consecutive series of patients were identified through an ICD-9 code search of patients with isolated clubfoot who began treatment between January 2003 and December 2007 and were followed for a minimum of 2 years after initiation of casting. Patients were excluded on the basis of nonisolated clubfoot, less than 2 years followup, treatment initiated at an outside hospital, and/or initial treatment delayed for more than 2 weeks from birth. All patients included in the study underwent planned conservative management. At Institution 1, 91 of 133 patients met the eligibility criteria and were followed for a minimum of 2 years compared with 58 of 58 patients at Institution 2. The charts of all eligible subjects at Institution 1 (91 patients, 131 feet) and Institution 2 (58 patients, 91 feet) were retrospectively reviewed, and variables related to the demographics of the subjects (sex, family history, complications during perinatal period) were collected. The number of providers involved in treatment and the characteristics of the providers (mid-level vs surgeon) also were collected. For the purpose of minimizing assessment bias, all data collection procedures at both institutions were performed by individuals (GH and PC) who were not involved in the clinical care of the patients.
Treatment-related variables were collected from two intervals of interest-the casting treatment period and the bracing treatment period. Variables collected during the casting period included average time (in days) between consecutive cast visits, number of cast visits in which a cast-related complication was documented (skin infection, subject intolerance, pain/irritation, wet cast, cast slippage, erythema, swelling of toes, skin breakdown, subject physically kicked off cast, and/or caregiver removed cast early), total number of different providers who performed castings per eligible limb during the casting period, proportion of casts performed by mid-level provider(s), and whether the subject underwent a percutaneous tenotomy. Variables collected during the bracing period included number of bracing-related visits, and number of bracing-related clinical visits in which noncompliance was documented (parent self-reported that patient was not wearing brace for the prescribed amount of time).
Comparison of Institutions
Institution 1 is a large tertiary children's hospital serving a metropolitan area with an estimated county population of 663,862 in 2014 [30] . Care at Institution 1 was managed through 16 different providers (10 fellowship-trained, pediatric orthopaedic surgeons and six pediatric orthopaedic midlevel providers) to accommodate patient preferences in terms of time, location, and convenience of appointments. The providers used a conservative casting approach based on the Ponseti method, with substantial variability in technique among providers. Treatment variations included alternative cast manipulations, taping, short leg orthotics, varying cast materials, ''breaks'' in casting treatment as desired by parents and/or secondary to skin complications, and selective use of percutaneous tendo Achilles lengthening procedures. Postcast bracing was common, but was not universal. Institution 2 consisted of a tertiary children's hospital and a Shriner's hospital, both located in a metropolitan area with an estimated county population of 1,001,876 in 2014 [30] . At Institution 2, care was managed by one orthopaedic surgeon (MD) dedicated to the Ponseti method for isolated clubfoot treatment. The method of treatment at Institution 2 consisted of rigid adherence to sequential plaster casting, visits for manipulation, and selective use of percutaneous tendo Achilles lengthening procedures. The process was followed by longterm bracing with periodic followups. The goal of treatment at both institutions was to achieve a pain-free, plantigrade foot. Surgical indications at both institutions included the presence of a persistent equinovarus foot while standing that was recalcitrant to casting and manipulation.
We compared the demographics and treatment patterns at the two institutions ( Table 1 ). The proportion of parents who reported English was not their first language (p \ 0.001), average birth weight of patients (p = 0.003), proportion of parents who self-reported being noncompliant with bracing recommendations (p \ 0.001), average number of casts during the initial casting period (p \ 0.001), cast-related complications (p \0.001), and average time between consecutive cast visits (p = 0.002) was greater at Institution 1 compared with Institution 2. The proportion of patients who underwent a tenotomy (p \ 0.001) was lower at Institution 1 compared with Institution 2.
Primary Endpoint: Definition of Treatment Failure Unplanned deviations from routine postcasting followup care were the primary outcome variables of interest. A minor recurrence was defined as a recurrence of deformity that was treated with repeat casting and/or revision tendo Achilles lengthening and/or anterior tibialis tendon transfer. Major surgery was defined as the occurrence of more extensive surgery (extensive soft tissue release) beyond repeat tendo Achilles lengthening and/or tendon transfer.
Statistical Analysis
Demographics and clinical characteristics of all patients were summarized using descriptive statistics. Continuous covariates that did not follow a normal distribution (number of cast complications and number of revision casts) were categorized in discrete groups (none; one vs multiple). A generalized logistic regression analysis was used to compare treatment outcomes between the institutions. Generalized logistic regression analyses were similarly used to compare patient demographics and treatment patterns between the institutions; however, in the latter analysis, site (Institution 1 compared with Institution 2) was modeled as the outcome variable. Owing to the inclusion of multiple feet from the same subjects, a generalized estimating equation was used to account for the clustering effect.
Because of the high proportion of patients undergoing surgery at Institution 1, a time-to-event analysis was used to better understand factors that were predictive of major surgery. Univariate Cox proportional hazards regression analyses of time to major surgery were used to identify variables significantly associated with the risk of major surgery. The absence of a percutaneous tenotomy (p = 0.027), increased number of casts (p \ 0.001), number of revision casts (p = 0.001), number of cast-related complications (p = 0.005), and the number of different providers who performed castings (three or four vs one; p = 0.019) (Supplemental Fig. 1 . Supplemental material is available with the online version of CORR 1 .) were significantly associated with the risk of major surgery. An increase in the number of brace visits in which noncompliance was documented (p = 0.062) was not significant at p less than 0.05, but was considered for inclusion in the multivariate analysis. Patient sex (p = 0.835), parental language (p = 0.525), family history (p = 0.653), perinatal complications (p = 0.114), number of days between cast visits (p = 0.513), and birth weight (p = 0.163) were not significantly associated with the risk of major surgery (Supplemental Table 1 . Supplemental material is available with the online version of CORR 1 .). A multivariate Cox proportional hazards regression analysis then was used to examine the simultaneous effect of all factors identified as significant (a \ 0.100) in the univariate analysis. Using a stepwise method for selecting the final model, an a cutoff level less than 0.050 was required for a factor to remain in the final model. To account for the correlation of bilateral legs, the robust method, as described by Lin and Wei [18] , of estimating the covariance matrix was used.
Results
The proportion of patients undergoing unplanned deviations in routine postcasting followup care was much lower at the institution that adhered rigidly to the principles of Ponseti casting (Institution 2) than at the one that used variable approaches to clubfoot cast treatment (Institution 1). The probability of major surgery was 47% (30 of 131) at Institution 1 compared with 2% (two of 91) at Institution 2 (odds ratio [OR] 51.1; 95% CI, 6.8-384.0; p \ 0.001) ( Fig. 1 ). However, there was no difference (13%, 11 of 91, vs 7%, nine of 131) in the occurrence of minor recurrences only (repeat casting, repeat tendo Achilles lengthening, and/or anterior tibialis tendon transfer) between the institutions (OR, 0.5; 95% CI, 0.19-1.4; p = 0.200) ( Fig. 1) .
At the institution that did not adhere rigidly to Ponseti's principles, revision casting and an increase in the number of cast complications were associated with an increased likelihood of major surgery in the multivariate analysis. After adjusting for the number of revision casts during bracing, the risk of major surgery among patients who had multiple cast-related complications was 2.8 times (95% CI, 1.2-6.7; p = 0.019) the risk of major surgery among patients who did not have any cast-related complications. After adjusting for cast-related complications, the risk of major surgery among patients who underwent multiple revision casts was 3.9 times (95% CI, 2.0-7.6; p \ 0.001) the risk of major surgery among patients who did not undergo revision casting.
Discussion
Clubfoot is a three-dimensional musculoskeletal deformity characterized by equinus, hindfoot varus, and forefoot adductus and cavus [25] . In ambulatory children, the deformity causes the child to walk on the lateral border and when severe, the dorsum of their foot. If untreated, this compromised foot position can result in severe disability with long-term sequelae [23] . Popular treatment options include primary soft tissue release surgery and the Ponseti method of clubfoot manipulation and serial casting [7, 12, 13] . The Ponseti method is associated with fewer surgical revisions [12] , decreased cost [13] , and most importantly, better long-term functional outcomes compared with primary soft tissue release surgery [16] . However, the Ponseti method has been used with varying degrees of success across institutions [3, 8-12, 15, 17, 21, 24, 26, 28, 33] . The purpose of our study was to compare conservative treatment patterns for isolated clubfoot at two institutions: Institution 1, with multiple providers using a nonuniform Ponseti treatment approach, and Institution 2, with a single provider dedicated to the Ponseti method. We found that rigid adherence to Ponseti's principles was associated with a decreased likelihood of unplanned surgical intervention beyond repeat tendo Achilles lengthening and/or anterior tibialis tendon transfer. We recognize several main limitations. The occurrence of unplanned deviations from routine postoperative cast care was the primary endpoint of interest. In the absence of patient-reported, functional outcome measures, increased risk of surgery beyond a repeat tendo Achilles lengthening and/or anterior tibialis tendon transfer should not be interpreted as an increased risk of a poor functional outcome. Clubfoot surgery following casting is ultimately an elective procedure. Differences in the thresholds for recommending surgery after deformity recurrence between institutions may have accounted for the large difference in the proportion of feet that underwent unplanned surgery beyond a repeat tendo Achilles lengthening and/or anterior tibialis tendon transfer at Institution 1 compared with Institution 2. The proportion of patients who were followed for more than 2 years was greater at Institution 2 (100%, 58 of 58) than Institution 1 (68%, 91 of 133). This potential transfer bias may have resulted in an underestimation (if patients who were lost to followup were more likely to undergo surgery) or an overestimation (if patients who were lost to followup were less likely to undergo major surgery) of the rate of major surgery at Institution 1.
An objective measure of clubfoot severity, such as the method of Dimeglio et al. [6] , was not available. It is possible that the overall severity of clubfeet treated may have differed between the two institutions thereby confounding results. Additionally, it is possible that the single surgeon at Institution 2 was exceptionally skilled, and thus differences in treatment outcomes between institutions may not be completely modifiable. The care provided at Institution 2 is representative of a high level of care. However, the success of the Ponseti method reported from centers around the world provides strong evidence that the technique can be replicated. Finally, data were collected retrospectively. It is possible that variables such as cast complications and bracing complications were underreported. This misclassification has potential to bias the results if the misclassification was related to study site and treatment failure.
The difference in the proportion of patients who underwent major surgery at the two institutions included in the study reflects the variability in treatment outcomes reported by others. Among studies with a mean followup between 18 months and 5 years, the proportion of patients with recurrence of deformity ranges between 10% and 41% [3, 8-12, 15, 17, 21, 24, 26, 28, 33] . At Institution 1, the probability (46%) of major surgery resembled surgery rates for conservative, isolated clubfoot treatment approaches, which are similar to but not committed to the Ponseti technique [5, 14, 32] . In contrast, the low probability (1.7%) of major surgery at Institution 2, is reflective of other similar cohorts [21, 22, 27] in which less than 15% of patients treated with the Ponseti method undergo major surgery. Such wide variability in the use of major surgery in the treatment of clubfoot is costly and burdensome on the patient and the healthcare system [12, 13] ; therefore, there is a strong need to identify factors that are driving the increased variability in surgical rates.
There was no difference in the proportion of patients who had a minor recurrence only (treated with revision casting, repeat tendo Achilles lengthening, and/or anterior tibialis tendon transfer) at Institution 2 (19%) compared with Institution 1 (18%). This suggests that Institution 2 may have been more proactive in the treatment of isolated clubfoot relapses. Commitment to the Ponseti conservative Fig. 1 The probability of treatment failure at the two institutions is shown.
Volume 474, Number 1, January 2016 Adherence to the Ponseti Method Improves Outcomes 241 treatment method, including aggressive repeat casting to address relapses, is likely to improve our ability to identify recurrences that will respond to repeat casting compared with those that undergo surgical intervention. The two most important predictors of major surgery at Institution 1 were revision casting during bracing and the development of cast-related complications. As revision casting is indicative of a minor recurrence, it is not surprising that revision casting was strongly predictive of major surgery. During the initial casting phase of treatment, the risk of major surgery among patients who had multiple cast-related complications was 2.8 times the risk of major surgery among patients who did not have any complications. The development of cast-related complications often mandated time off from casting until the complication resolved. As a result, cast-related complications disrupted the continuity of the casting period and increased the duration of time spent in the initial casting phase of treatment.
The relationship between deviations from the Ponseti method and an increased likelihood of treatment failure is supported in current literature. Bor et al. [2] observed that deviations from the Ponseti bracing recommendations were associated with a near twofold increase in additional operations. Excessive weight gain [4] , parental educational level [8, 12] , a positive family history [8, 12] , and bracing noncompliance [8, 9, 11, 21, 28, 31] have been identified as patient-related predictors of treatment failure.
With conservative management of isolated clubfoot, rigid commitment to the Ponseti method without variation appears to yield a lower likelihood of a patient undergoing major clubfoot surgery. Our data also suggest that the presence of a single provider coordinating care in a clubfoot program can result in a low occurrence of major surgical events-a common factor in previous studies reporting a low incidence of major clubfoot surgery after Ponseti casting [21, 22, 27] . Establishment of a clubfoot program requires a care coordinator, dedicated cast technicians and orthotists, a team commitment among providers, and emphasis on continuity of care. For optimal results and avoidance of major surgery, adherence to the principles of the Ponseti method is essential. This requires a substantial investment from the providers and institution in terms of ensuring an adequate level of training and designated clinic time. Finally, the clubfoot program should emphasize the importance of providing a support system for parents throughout this demanding treatment process.
